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1. Design Objectives and Constraints 
The objectives for this project were to design a pipe stand that will be part of a flow laboratory 
and will demonstrate the principles of fluid flow, including: laminar and turbulent flow profiles, 
friction losses in different sizes and roughness of pipe, velocity profiles in pipes, loss coefficients 
for orifice and venturi meters, and friction losses for different types of valves.  
Supporting the design is a full-scale prototype made of cheaper materials to keep a budget of 
$500. Its purpose is to validate the design, so that the full version of the design can be built in 
the Endeavor lab, and the proposed features can be added so that interactive lab modules can 
be done by students to support their fluids classes.  
In addition to the prototype, a full structural support was built to hold both the prototype and 
full version of the pipe. It was designed to be able to hold the weight of the full model entirely 
filled with water.  
The prototype was designed to demonstrate two lab modules. The first of these is to 
demonstrate the pressure loss associated with an orifice plate flow meter and the pressure 
recovery after the orifice. The second of these is a flow visualization module, where observers 
will see how water moves around objects and through pipe. This will be achieved with clear PVC 
pipe and microbeads that will flow through the pipe with the water.  
A controls package that records flow rates and pressure drops across the pipes, using LabVIEW, 
was implemented in the prototype to show a proof of concept for the learning modules that 
were created for this project.  
2. Team Organization and Project Management 
With only a 3-person team and a lot of different aspects of the project to work on, we assigned 
general roles for each individual and assigned tasks week-by-week, helping each other out 
when needed. 
Jake Armstrong, Team Lead: Encourage all team members to take an active role in the project, 
drive the project team for on-time deliverables, lead the design, planning and execution 
validation of activities. Also, the team lead was to be the point of contact with our supervisor, 
Mrs. Southard, and plan meetings with any other professors or faculty members as needed. 
Jake Singleton, Instrumentation & Data Acquisition: Research, design, and implement proper 
instrumentation to demonstrate the necessary information needed to achieve the objectives of 
the project. Development of graphical user interfaces in LabView to record data obtained by 
the pipe stand. 
Hunter Suntken, Design Engineer: Design the pipe flow learning environment that can 
demonstrate multiple learning modules. Design and analysis of a support structure that will 




The construction of the support structure and the prototype piping was a team effort. We all 
pitched in, in the welding of the supports, the connections of the unistrut and pipe hangers, and 
the gluing of the piping. 
With the university being the primary customer of the pipe stand, we met with many different 
Oklahoma State professors who might use the pipe stand to get their input on what they wanted 
to achieve with the system. 
The critical path is shown by the ‘x’ in the gantt chart: 
 
Figure 1: Flow Masters' Gantt Chart 
3. Application of Relevant Standards 
Several standards and codes will apply to this project. The bulk of these standards come from the 




3.1. International Plumbing Code 
The International Plumbing Code outlines specific guidelines for adding any plumbing to an 
existing structure such as maintaining structural safety and keeping safe plumbing practices. 
3.1.1. IPC 301 
This section of the International Plumbing Code states that all piping and structural support 
should be in accordance with all standards. It states that all waste water should be piped directly 
to the building’s drainage system. It also states that all plumbing that uses water should be 
connected in some way to the building’s water supply. 
3.1.2. IPC 307 
Section 307 of the International Plumbing Code outlines different precautions to be taken to 
maintain structural safety. Sections 307.1 and 307.2 are specifically important for the purposes 
of our project. 307.1 says that any structure in the building that must be changed will need to be 
done so that it is left in good condition and will still be in accordance with the International 
Building Code. 307.2 that any framing of the building cannot be cut excessively, so this will need 
to be kept in mind when installing the system to the Endeavor lab. 
3.1.3. IPC 308 
Section 308 of the International Plumbing Code gives guidelines for piping support. This will be 
specifically for this project because there will be 20’ lengths of pipe that need to be supported. It 
states that pipe hangers must be used in a way that corrosion does not take place. It also gives a 
table that shows the maximum allowable distance between hangers for different pipe materials. 
3.2. ASME Standards 
The American Society of Mechanical Engineers outlines many topics including piping systems. 
The relevant sections are sections A and B. 
3.2.1. ASME A13.1 
This standard’s purpose is to provide a system for the identification of hazardous materials in 
piping systems by creating a legend identifies the contents of the pipe system and by color 
coding the pipes to identify the hazards of the chemicals within the pipes. The legends need to 
be placed close to flanges or changes in direction and should show the name of the chemical 
and the direction of flow. It should be visible by anyone who is close to it, meaning, if the pipe is 
overhead the legend should be on the bottom of the pipe. A13.1 also has a table that defines a 
color scheme that would be able to show the fluid service.  
3.3. ISO Standards 
Our design must also take into account ISO standards, specifically one regarding connections 
for pressure transmitters. 
3.3.1. ISO 2186 
This standard is important to our design when taking into consideration differential pressure 
transducers. ISO 2186 states that impulse line sizes for pressure transmitters should be greater 
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than 6 mm, preferably 10 mm but less than 25 mm. It also states that pressure taps should be 
in the centerline of the pipe so that no air measurements are taken from above or no sediment 
buildup is produced from below.  
3.4. OSHA 
We must also take into consideration OSHA standards so that we can safely construct and work 
on the pipe stand. 
3.4.1. OSHA 1910 
OSHA 1910 outlines several different standards to follow when constructing the pipe stand. We 
will have to weld, so we will need to follow safety precautions in Subpart H regarding 
compressed gases as well as Subpart L regarding fire protection. Subpart I tells us what 
personal protective equipment to use for our purposes. Finally, Subpart P gives safety 
information regarding hand and portable power tools. 
4. Conceptual Design for Endeavor Lab 
Two designs were created for this project. The first was the concept design of the full model 
that will eventually be put in the Endeavor Lab. The second was the design for the prototype 
that was built.  
The pipe stand that will go into the Endeavor Lab is the basis for the prototype design. The 
ultimate goal of this project is to create a design that will be put into the lab and to create a 
proof of concept for that design by building a prototype that will demonstrate a couple of the 
lab modules that will be presented with the final version. 
The original piping design in Figure 2 was designed with a modular approach. Each component 
shown has a purpose for specific learning modules. The flanged piping allows easy replacement 
and customization of the pipe stand. This is just one possible configuration for the pipe stand. 
The overall goal when designing the pipe stand was to be able to provide as many options and 
opportunities for expansion as possible to maximize the learning experience for a wide 





Figure 2: Endeavor Piping Design 
4.1. Pipe Manifold 
The inlet and outlet manifolds for the pipe stand, seen in Figure 3, are used to distribute flow of 
water to the different sections of piping along the stand. It has four 2” inlets of piping, to which 
sections of piping can be attached via flange connections. At the bottom, a 3” diameter inlet is 
used because the existing piping in the Endeavor Lab that will run to the pipe stand is 3” pipe. A 
4” diameter of the header is used to calm the flow and reduce turbulence as the to water 
enters the manifold. These manifolds must be custom made, as none of these specifications 
exist.  
 
Figure 3: Pipe Manifold 
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4.2. 20’ Pipe Sections 
The design for the pipe stand supports up to four 20 ft sections of pipe, of any material. These 
are connected with flanges at the manifold and in the middle of the section, to allow for easy 
removal and addition if different learning modules are being taught. This is shown in Figure 4. 
The piping on this stand should not exceed a 2” diameter because it is recommended that there 
should be at least 10 diameters of straight pipe in order to reach fully developed flow. For this 
design, the sections were made of PVC, the largest size being clear, to visualize flow with a dye 
injector.  
 
Figure 4: Piping Sections 
4.3. Valve Tree 
One of the major components for this design was a valve tree, shown in Figure 5. This, like any 
section of the pipe stand, is completely modular and can be removed if the space is needed for 
a different learning module. The idea for this section is that flow would come in to the section 
and divert to one of the valves in the section. Using a high accuracy differential pressure 
transducer, the pressure loss across the valves can be measured. This can also be used as a 
module for pressure loss across fittings, because of the various tees and elbows in the section. 
 
Figure 5: Valve Tree 
5. Learning Modules 
The final design for the pipe stand and the construction of the prototype was entirely 
dependent on the learning modules that were designed to be used in the Endeavor Lab. Several 
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of these modules were created so that students taking fluids courses could come to the lab and 
participate in a hands on activity demonstrating fluids principles.  
5.1. Laminar vs Turbulent Flow  
For this learning module, students can visualize the difference between laminar and turbulent 
flow profiles and see how pressure drop varies with respect to these flow profiles. 
A section of clear PVC will be used to demonstrate both laminar and turbulent flow. Using a 
control valve, the flow rate can be metered to laminar flow, which is about 1.34 GPM for 2” 
piping at the upper limit of laminar flow. So for this module, it would be beneficial to slow the 
flow to 1 GPM or below to get truly laminar flow. A syringe will be used to inject microbeads 
into the stream, and the profile for the flow can be seen. This process can be repeated at a 
higher flow rate of at least 2.33 GPM to visualize turbulent. The students should be able to see 
the difference is profiles which is seen in Figure 6.  
 
Figure 6: https://www.cfdsupport.com/OpenFOAM-Training-by-CFD-Support/sketch-laminar-flow-turbulent-flow.png 
Along with the visualization of flow profiles, pressure measurements can be taken for both 
conditions. Expected pressure drops for laminar and turbulent flow are 0.00304 psi, and 1.092 
psi respectively. 
5.2. Flow Visualization 
This module will focus on how flow is affected by obstacles in its path, and how turbulence can 
be induced into flow.  
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A 2” section of clear PVC can be used for this module. In this section, walls and obstacles can be 
placed into the pipe by sawing into the pipe, placing the object, and sealing it back with 
silicone. The microbead injector will add beads to the stream at the beginning of the section, 
and as the beads travel down the pipe they will encounter obstacles and mix up, showing 
turbulence. To best show this, laminar flow should be used for water entering the section, 
which again should be less than 1 GPM. 
5.3. Friction Loss in Different Size Pipes 
The objective of this module is to learn how the pipe diameter will affect the pressure drop 
within the length of pipe. 
A 1” and 2” section of pipe will be used separately to find the pressure drop across the 
respective pipe. It is necessary to keep the flow rate constant so that the only variable is the 
diameter of pipe. A pressure reading will be taken at the inlet and outlet of the section. To 
manufacture a pressure drop of 5 psi in the 1” section, the flow rate should be 37.1 GPM. 
Keeping the same flow rate but running the test on the 2” pipe, a pressure reading would again 
be taken at the inlet and outlet of the section. The expected pressure drop is 0.194 psi. 
5.4. Friction Loss in Pipes of Different Roughness 
The objective of this module is to measure the difference in pressure drop in straight sections 
of the same size pipe but of different material, and therefore, different roughness. 
This experiment requires two sections of pipe of the same diameter but different roughness. 
Calculations for this experiment were made using 1” PVC and 2” type L copper. A flow rate of 
25.7 GPM was used to create a pressure drop of 5 psi across the type L copper. Using this same 
flow rate, a pressure drop of 2.58 psi is expected across the PVC section. For this experiment, 
only one section will be tested at a time, so the other sections will be closed off with a ball 
valve.  
5.5. Loss Coefficients for Valves 
This module’s objective is to experimentally determine the loss coefficients associated with 
different types of valves on the “valve tree”. The types that were used in the calculations were 
a ball valve, globe valve, gate valve, and angle valve. 
This module uses the “valve tree” that was designed in for the pipe stand. The calculations used 
a flow rate of 9.5 GPM (0.6 kg/s) through each valve. Each valve will be tested independently 
and differential pressure will be measured across each valve. From this, the loss coefficient can 
be calculated using Darcy-Weisbach. Table 1 shows the expected pressure drops for the given 





Table 1: Valve Drop Coefficients: 
 Flow Rate (kg/s) ΔP(psi) Valve Coefficient 
Ball Valve 0.6 0.013 0.05 
Globe Valve 0.6 2.678 10 
Gate Valve 0.6 0.051 0.15 
Angle Valve 0.6 0.578 2 
 
5.6. Orifice Plate Loss Coefficient and Recovery 
This module’s objective is to visualize how flow is affected by orifice plates and how flow rate 
can be calculated using orifice plates. The observers will understand how the pressure drops 
substantially at the orifice and then recovers over the length of pipe. 
The calculations that were done for this module use a 1” section of schedule 40 PVC and a 
Dwyer TE-C-3 orifice plate which is inserted via flange connection. The orifice has a 0.72” bore, 
and the flow rate can be controlled to 35.6 GPM to see a pressure drop of 7.91 psi across the 
orifice. This pressure drop will be measured with a differential pressure transducer tapped into 
the orifice plate. Along the length of pipe, more pressure transducers can be tapped into the 
pipe to see how there is pressure loss leading up to the orifice, and then pressure gain after the 
orifice. 
5.7. Minor Losses 
This learning module will be used to demonstrate minor losses associated with fittings within 
pipe sections. 
The section on the stand designated for the “valve tree” can be replaced with a section of ¾” 
type L copper pipe and fittings. One of this example would be having 22’ of pipe with 6 elbows 
within that section. If the flow rate is to be controlled 8 GPM, the expected pressure drop 
across the 22’ of pipe is expected to be 2.74 psi, while the measured pressure would be 3.07 
psi. It can be seen that the valves would have an effect on the pressure drop, adding losses to 
the system.  
5.8. Pressure Drop Across Heat Exchangers 
This module would be useful for students taking a Thermal Systems class, so they can 
understand that heat exchangers can add losses to the system. Any section of the stand can be 
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replaced with a section that has a heat exchanger added to it. Differential pressure can be read 
across the heat exchanger and it can be seen how it affects pressure losses. 
6. Concept Design for Prototype 
The design that was decided upon for the prototype of this project addresses the objectives 
given in the problem statement in that it will demonstrate two of the learning modules that the 
full model will have. The prototype has two sections, the first is a 20’ section of clear 2” PVC 
and the second is a 20’ section of 1” PVC, which is seen in Figure 7. The 2” pipe includes an 
injector that allows for the injection of microbeads into the flow, so that people who are using 
the prototype can see how flow changes along the length of the pipe. It can demonstrate 
laminar and turbulent flow and how flow changes as obstacles are introduced into the flow. The 
microbeads are matched with the density of water so that they will float with the stream and 
not rise to the top, like would happen with bubbles, and they would not cloud the water, which 
would happen with dye injection.  
The 1” section of PVC demonstrates a module using an orifice plate, which will visualize the 
pressure drop across the plate and can calculate the flow rate using that pressure drop. The 
water flows through the orifice and sees a pressure drop because of the orifice, which is 
recorded with a differential pressure transducer. After the orifice, the pressure rises again, 
which could be seen with more pressure transducers or manometers along the length of the 
pipe.  
 
Figure 7: Prototype Design Sketch 
7. Design Calculations 
Fluid and mechanical calculations were done to select components of the prototype for the 
pipe stand. These calculations found the size of piping necessary, the size of pump required to 
circulate water through the system, and the gauge of steel to use in the support structure. 
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7.1. Fluid Systems 
For the system, fully developed laminar and turbulent flow was desired. So, to find the entrance 
length the equations, 
𝐿𝑙𝑎𝑚𝑖𝑛𝑎𝑟 = 0.06𝑅𝑒 (1) 
𝐿𝑡𝑢𝑟𝑏𝑢𝑙𝑒𝑛𝑡 = 4.4𝑅𝑒
1/6 (2) 
were used to find the length required for fully developed flow. It was found that for 2” pipe, 
about 15’ of straight pipe would be needed for fully developed flow. This is the reason that a 
design length of 20’ was decided upon. 
A flow rate of water of about 15 GPM of water was desired to create an accurately measurable 








a flow rate of 15 GPM, a length of 20 feet, and a diameter of 1 inch, the pressure drop across 










and came to be 2.044 psi, using the same values for flow rate, length, and diameter as before. A 
𝛽 of 0.69, a 𝐶𝑑 of 0.6, and an orifice diameter of 0.72 were given by the manufacturer of the 
orifice plate. The pressure drop across the orifice is what is measured by the pressure 
transducer and 2 psi is well within the range of the transducer that was purchased. Once the 
desired pressure drops were found, a pump that would provide the flow rate necessary to 
create those pressure drops was sized and selected. The total losses along the length of pipes in 









and came to be 5.75 psi. A Grundfos 1/25 HP pump, capable of supplying 17.2 GPM was 
selected for use. Using the pump curve given by Grundfos and creating an equation for head 
loss versus flow rate, an operating point of this pump of about 9 GPM and a head loss of 3 psi 
was found which can be seen in Figure X. Because of this smaller flow rate, the pressure drop 
across the 20’ span of 1” pipe reduces to 0.4145 psi, and the pressure drop across the orifice to 
0.7357 psi. This is less than the desired pressure drops, because it results in a less accurate 
measurement, but a larger pump would not be capable of supplying laminar flow, which is 




Figure 8: Pump Operating Point 
7.2. Mechanical Systems 
A support structure needed to be constructed to support the piping layout for the prototype, as 
well as, the full-scale design that will be placed in the new endeavor lab. With this in mind, we 
decided on creating a support structure that will able to support the most extreme weight of 
piping necessary. Another objective of the support structure is that it is not too tall, so that 
most people can reach the top pipe, but we still wanted to maximize the space for the piping. 
We assumed a maximum distributed load of 500 lbs. across the structure to size the square 
tubing. Simple moment and force equations, 
𝛴 𝑭 =  𝟎                                                               (6)                     
𝛴 𝑀 =  0     (7) 
were used around the bottom of the supports shown in figure X to determine the necessary 




Figure 9: Free Body Diagram of Support Structure 
An FEA analysis was done on the support to check the deflection of the support structure. The 
total deformation was only .049mm with negligible stresses. 
 
Figure 10: ANSYS Analysis on Support Structure 
8. Component and Material Selection and Sizing 
For the material selection of the piping, we chose to use pvc pipe for the prototype to minimize 
cost, but for the full-scale model, we chose different types of piping whether steel, pvc, or 
copper to provide a different roughness factor for the learning modules. 
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For the support structure, we thought of a few different options for materials including steel, 
aluminum, and titanium. Table 1 shows the important properties of each material. We decided 
to go with steel as the main material of our support structure due to its high modulus of 
elasticity which will be ideal for supporting the stresses that the pipes apply and Stillwater Steel 
has steel tubing for a fair price. 
Table 2: Mechanical Properties of Various Materials 




Yield Strength (MPa) 
Steel 200 400 250 
Titanium 120 900 730 
Aluminum 69 110 95 
The specific sizing of the steel tubing was not a huge factor, we just wanted something strong 
enough to support 500 lbs worth of pipe, while not being too big or bulky. After weighing the 
different pros and cons of the different size steel tubing in table 2, we decided to go with a 
nominal size of 2 x 2 x 14 Gauge (1/12 in) which we thought was a good compromise between 
anything bigger or smaller. 
Table 3: Properties of Different Size Steel Tubing 
Nominal Size Mass (lb/ft) Moment of Inertia (in^4) Torsional Stiffness 
(in^4) 
4 x 4 x 1/8 6.46 4.40 6.91 
2 x 2 x 1/8 3.05 0.486 0.796 
1-½ x 1-½ x 1/8 2.20 0.188 0.316 
9. Instrumentation 
For this project, a few instruments were selected for data collection. They include pressure 
transducers, a temperature sensor, and a flow meter. These sensors are responsible for finding 
the data that is required to do the learning modules. 
The temperature sensor that was selected is a Dwyer 100 Ohm RTD. It was selected because it 
is accurate within a wide range of temperatures, -40 to 250°C. It has an accuracy of ±4°F. It has 
a ¼” NPT process connection, so to attach it to the pipe stand, a ¼” NPT tap was drilled into the 
pipe and the RTD was screwed into that.  
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An Omega FPT-3020 pitot tube flow meter was selected to measure the flow rate of the 
system. It has an accuracy of ±2% at a full range flow of 20.5 GPM. This means that the sensor is 
accurate at higher flow rates, but less accurate when the flow in the system is laminar. This was 
the case for most flow sensors on the market. Since the flows in the pipe stand will range from 
about 1 to 17 GPM, it is difficult to find a flow meter that will be accurate for both experiments 
intended to run on the prototype. The flow visualization experiment requires laminar flow to 
see how flow can transition from laminar to turbulent and the orifice plate experiment needs 
fully developed turbulent for the equations governing pressure drops to be valid. However, for 
the orifice plate experiment, there is other instrumentation whose accuracy is dependent on 
the accuracy of the flow meter, whereas there is no other instrumentation on the flow 
visualization experiment. Therefore, accuracy of a flow measurement is more important at the 
higher end of the flow range, so that the accuracy of the pressure transducers on the orifice 
plate will not be affected. So, it was decided that a flow sensor that was more accurate at 
higher flow rates should be purchased.  
Two Dwyer 629-C differential pressure transducers were purchased for this project. One is to 
measure the pressure drop across the orifice plate for the learning module, and the other is to 
measure the pressure drop across the pitot tube to find the flow rate. These transducers 
operate on a range of 0-25 psid and have a full scale accuracy of 0.5%. Before purchasing these 
transducers, an uncertainty analysis was done for the pressure drop across the orifice (Equation 
2) to make certain that the transducers would be able to get an accurate enough measurement. 
The sensors that will affect the uncertainty of the pressure drop calculation are the 
temperature sensor, the mass flow meter, and the diameter of the orifice. The temperature 
sensor has an absolute uncertainty of 0.4°C at a design temperature of 25°C, the mass flow 
meter has an absolute uncertainty of 0.0114 kg/s at a design flow rate of 1 kg/s, and the 
diameter has an uncertainty of 0.0128 cm at a design of 1.829 cm. Using the propagation of 
uncertainty shown in the equation below, the pressure drop across the orifice was found to be 
0.7357±0.03592 psi. This is about a 5 % uncertainty, which was determined to be low enough to 
get an accurate measurement. The calculations for this were done in EES and the code of this 





















10. Final Prototype Design 
The prototype design that was decided upon uses the conceptual design but completes it in a 
way that was feasible for the materials at hand and the budget given.  
10.1. Support Structure 
The support structure was designed and built in such a way that it can support a modular pipe 
stand and be very versatile in its use. It is able to hold most sizes of pipes that would be needed 
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for a fluids demonstration. It is made of 14-gauge square steel tubing and was welded together 
to make three ladder-like sections that can support the weight of the stand. The three legs are 
attached with 10’ sections of Unistrut and are connected to the “rungs” via brackets. Model of 
the full support structure can be seen in Figure 11. 
 
Figure 11: Support Structure 
The support structure is stable in the lateral and axial directions. More stability will come from 
bolting the structure to the ground when it is eventually put in the Endeavor Lab.  
One of the key features of this design is that it is modular in its design. The interface where the 
unistrut and the ladder rungs meet are bolted together with brackets, which makes for easy 
installation and removal. If one of the piping sections is too big, all that must be done is take 
out a section of the unistrut.  
Another key feature is the ability to hang the pipes from any location along the length of the 
stand. Since the horizontal pieces are unistrut, hangers can be added with strut channel nuts 
anywhere on the section. An example of this can be seen in Figure X.  
 
Figure 12: Hanger Design 
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10.2. Piping Design 
The design of the prototype has two test sections. The top section is a 2” by 20’ long section of 
clear PVC. The lower is a 20’ long section of 1” PVC. These are attached to 2” headers on either 
side of the sections.  
The original plan for the prototype was to have an overhead tank that would feed water into 
the system, like the Endeavor pipe stand will have, as can be seen in Figure 13. This was 
supposed to be a gravity fed, open loop system, but getting a water tank that high seemed like 
a challenge. More support structure would need to be constructed to hold the overhead tank 
and it would be a challenge to get enough flow rate for the learning modules.  
 
Figure 13: Original Prototype Design 
The final design for the prototype had the water tank sitting on the ground in the middle of the 
pipe stand, as seen in Figure 14. This tank ended up being a 32 gallon trash can that the pipe 
was attached to with silicone. On the left of the water tank, the Grundfos 1/25 HP pump was 
placed to allow the pump to fill with water before circulating, so as to not allow cavitation. On 





Figure 14: Final Prototype Design 
The piping design allows for the demonstration of two learning modules. The first is the flow 
visualization module. It can show laminar and turbulent flow profiles within a 20’ section of 2” 
clear PVC. This was done by injecting fluorescent microbeads into the beginning of the section 
and watching them as the flow along the length. They are matched with the density of water, 
so they give an accurate visualization of the flow as the move with the water. They are able to 
show turbulence as the water is mixed up and when the flow is laminar, they move in a straight 
line like the flow profile. The second module the prototype is designed for is the orifice plate 
pressure drop. At the middle of the 1” PVC section is an orifice plate. On either side of that 
plate, a differential pressure transducer was to be tapped into the pipe to record the pressure 
difference. From this, the flow rate can also be calculated. 
One important feature of the prototype was the microbead injector. To do this, it was planned 
to drill a hole in the pipe and add a piece of aluminum tubing, where a syringe could be placed 
to inject the beads.  
At the end of the 2” clear PVC section, it was necessary to implement a way to filter out the 
microbeads from the system. To do this, a Y-strainer was placed into the section, as is seen in 
Figure 15. This strainer catches the beads as they enter and allows the water to continue 
flowing through. Then when the system is off, the strainer opens and allows the filter to be 




Figure 15: Y-Strainer https://www.mcmaster.com/#4425k46/=1co5ciy 
11. Prototype Construction and Testing  
There were three phases of the construction of this prototype: welding of the support 
structure, cutting and gluing the piping together, and installation of instrumentation and 
implementation of LabVIEW. The bulk of the time was spent on the support structure. Since it is 
the only part of the prototype that will actually make it to the Endeavor Lab, it was necessary to 
make sure that all of the welds were strong and that the structure would hold virtually anything 
that would be put on it.  
Testing of the prototype consisted of leak checking the pipes and making sure all the 
instrumentation was working. This included testing the microbeads, to be certain that the flow 
visualization module would work as planned as well as checking whether the correct flow rates 
were being read on the instruments.  
11.1. Prototype Construction 
The first construction challenge that was encountered was the welding of the support 
structure. This took several days to complete because there were a significant number of welds 
that needed to be done. This was no small task, especially because nobody on the team had 
welding experience. Each member took a welding class to learn, but lack of experience still 
showed in the beginning welds of the support structure. Despite the lack of experience, as the 
welding process progressed, the welds go much better and ended up looking quite good. 
The next challenge that was encountered was, the orifice plate that was ordered from Dwyer 
was not expected to arrive until several days after the project was due. This was a key 
component of the prototype because one of the two learning modules depended on it. Most 
other orifice plates that can be found were too expensive to be put in the prototype and 
without one, the construction was more or less at a standstill. This issue was resolved in a more 
unsophisticated manner. A piece of ¼” plastic was cut to the dimension that it would fit in the 
flange at the middle of the section, and a bore was drilled into it to roughly match the bore that 
the orifice from Dwyer would have. This was a less accurate way to do this, as orifice plates are 
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very carefully manufactured to follow the pressure drop equation (Equation 4), but for the 
purposes of the prototype, it would work as a proof of concept.  
Attaching the instrumentation was another challenge because during the design phase of the 
prototype, it was not discussed how the instrumentation would be attached to the pipe. Every 
piece of instrumentation came with ¼” NPT compression fittings, but there were no places on 
the pipe to connect those fittings. So, ¼” NPT taps were inserted directly into the pipe. This was 
difficult because the PVC stripped easily, and if it did too much, there would be no way to seal 
the hole again. So, much care went into tapping the holes. 
Since the design called for a 32 gallon trash can as the water tank, a way to attach that trash 
can to the piping needed to be devised. It was important that the tank continued to feed water 
to the system, so it needed to be completely sealed. There were a couple options that were 
considered. The first was to find a fitting, such as a flange to connect to either side of the hole 
in the trash can, and insert pipe into that. This seemed unnecessarily expensive to do, so it was 
decided to cut the holes very close to the outer diameter of the pipe and add silicone to hold it 
and seal it.  
11.2. Prototype Testing 
After construction was complete, leak checking began. Each fitting was checked for leaks, which 
all held under the pressure that the pump was giving the system. However, what did give 
problems were the instrumentation taps. They were not sealed very well and leaked water as 
soon as the system started running. This problem was solved by simply adding silicone to each 
of the taps. This was an excellent way to keep them from leaking, as they held just fine after the 
silicone was added.  
After the first day of test for leaks, the system seemed to be doing fine. However, when we 
came back to it the next day, when the tank was filled with water, it began leaking quite a bit. 
This caused us to have to drain the system and reseal it. We did not want this to become a 
recurring problem so, a lot of silicone was added to prevent more leaks. 
After leak checking was finished, we focused on the learning modules that would be 
demonstrated. The first was the flow visualization module. We wanted to see how the strainer 
would work with the microbeads and how the microbeads would look in the water. We learned 
that injecting the beads into the water would be a difficult task because they like to stick to the 
walls of the syringe and did not inject well into the pipe. A surfactant was needed to make them 
slicker and to flow into the pipe better.  
The second module was the orifice plate module. For this, the instrumentation needed to be 
tested. The instruments were a differential pressure transducer, a Pitot tube flow meter, on 
which another differential pressure transducer was attached, and a temperature sensor. The 
differential pressure transducers were supposed to read 0 volts when the system was off, but 
they were reading 0.008 volts, which corresponded to about a 0.02 psi differential. While this is 
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not a huge amount, it is not insignificant, as it throws off the flow rate by quite a bit. There was 
a way to zero the sensors but doing that did not change anything. It was concluded that there 
was noise in the sensor because it was a voltage output sensor instead of a current output.  
The Pitot tube flow meter caused quite a problem. No matter what speed the pump was 
running at, the pressure transducer was not reading a difference across the Pitot tube. It was 
not until later that it was discovered that the Pitot tube was installed incorrectly. It needs to be 
on the bottom of the pipe and have at least 20 diameters of straight pipe in front of it for fully 
developed flow to enter the tube and read a differential pressure. Pitot tubes are very sensitive 
to these specifications and do not perform properly if installed incorrectly. This was never 
corrected because of time constraints.  
12. LabVIEW Interface 
A LabVIEW interface was created for the prototype to help visualize fluid flow principles such as 
pressure drops and flow rates. This interface can be expanded to fit more learning modules that 
were not added to the prototype.  
12.1. Front Panel  
The Front Panel of the LabVIEW interface can be seen in Figure 16. From here, the students can 
see all the data that are being taken by the sensors in real time. On the left, temperature 
readings can be seen numerically and on a graphical indicator that looks like a thermometer. 
From the temperature readings, the density and viscosity were calculated and outputted to 
numerical indicators. Below, more numerical indicators show the voltage output, the pressure 
differential, and the flow rate of the Pitot tube flow meter. Here, the students can visualize how 
a pressure differential can relate to a flow rate. 
The right side of the front panel shows the sensor data that is associated with the orifice plate 
learning module. To start recording data for this module, the LabVIEW program must be 
running, then the user presses the “Measure Orifice Plate” button. The pressure transducer will 
measure a voltage that transfers to pressure differential. These values are output to a 
numerical indicator and the pressure differential is shown on a gauge. Then, the student can 
see how the orifice plate can be used to measure flow rate. To do this, the enter an orifice plate 





Figure 16: LabVIEW Front Panel 
12.2. Block Diagram 
The LabVIEW front panel that the user of the pipe stand will see is controlled by the block 
diagram that uses formula nodes to calculate the values that the sensors are measuring, based 
on the input voltage of the sensor.  
12.2.1. Temperature Reading 
The temperature that was collected was measured with a 100 Ohm RTD. The MyDAQ that was 
used connects to the temperature probe, which measures the resistance caused by the 
temperature change and sends that resistance back to the DAQ. The logic that follows this can 
be seen in Figure 17. 
 
Figure 17: Temperature Logic 
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The resistance is input to a formula node, which converts the resistance to a temperature. The 
reason for finding the temperature is to find water properties, i.e., density and viscosity. The 
temperature is input into a formula node that calculates density and one that calculates 
viscosity. The equation that calculates density is the Kell equation (Jones & Harris). The 
equation that calculates the dynamic viscosity comes from the CRC Handbook. These two 
values are put into another formula node that calculates kinematic viscosity.  
12.2.2. Pitot Tube Reading 
The next sensor that was read in LabVIEW was the pitot tube. It was simply a differential 
pressure transducer that uses an equation to calculate the flow rate as seen in Figure 18.  
 
Figure 18: Pitot Tube Logic 
The pressure transducer operated on a 0-10V output for a 0-25 psid reading. The DAQ would 
see a voltage from the transducer and scaling that voltage by a factor of 2.5 gives the pressure 









Multiplying that by the area of the cross section of pipe gives the flow rate, which is then 
output to a numerical indicator. 
12.2.3. Orifice Plate Reading 
The logic that controls the reading for the orifice plate pressure drop and flow rate is similar to 




Figure 19: Orifice Plate Logic 
The DAQ sees a voltage from the pressure transducer and then converts that to a differential 
pressure. Then that differential is put into a formula node that uses Equation 4 to calculate the 
flow rate that is seen across the orifice plate. These values are output to numerical and 
graphical indicators.  
13. Budget 
The budget for this project was broken into three subsections: support structure, piping, and 
instrumentation. Since the support structure will be used in the Endeavor Lab, it seemed 
necessary to have a separate budget for it. The instrumentation budget was a separate budget 
from the pipe stand, so it will be counted separately as well. 
13.1. Support Structure Budget 
The support structure consisted of the steel tubing that made up the frame and all the hangers 
that the pipes would be supported by. It also consisted of any nuts and bolts that held the 
Unistrut together.  
 
Table 4: Support Structure Budget 
Supplier Description Quantity Price 
Stillwater Steel 24 ft, 2x2, 14 gauge Steel Tubing 1 $216.00  
Lowes Unistrut 4 $18.97  
McMaster Carr Cross Strut Channel Connector 2 $5.91  
McMaster Carr 1" Pipe Hangers 1 $4.55  
McMaster Carr 2" Pipe Hangers 1 $10.44  
McMaster Carr 1/4-20 Strut Nuts 2 $6.94  
McMaster Carr 1/4-20 Threaded Rod 1 $14.91  
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McMaster Carr 1/4-20 Nuts 1 $2.77  
McMaster Carr T Strut Channel Connector 4 $5.34  
McMaster Carr 3/8-16 Lock nut 1 $8.97  
McMaster Carr 3/8-16 Bolt 1 $9.03  
McMaster Carr 3/8 washer 1 $8.00  
McMaster Carr 1" Pipe Hangers 1 $6.18  
McMaster Carr 2" Pipe Hangers 1 $11.68  
McMaster Carr 5/16"-18 Threaded Rod 1 $10.30  
McMaster Carr 5/16"-18 Strut Nuts 2 $7.79  
Lowes 5/16" hex nuts 22 $0.21  
Lowes 3/8" x 3" bolt 1 $23.75  
Total   $                     469.72  
 
The support structure was almost enough to break the allowed budget for the entire project, 
but, it was given the go ahead because it is a final product. This piece will be used in the final 
version of the flow laboratory, so it was necessary to make it as sturdy as possible, while 
spanning the entire length required.  
13.2. Piping Budget 
The piping budget consists of the PVC pipes, all the fittings, the flanges, the tank, the circulator 
pump, and all miscellaneous items that did not directly affect instrumentation and support 
structure. The budget for piping can be seen in Table 5.  
Table 5: Piping Budget 
 
Supplier Description Quantity Price 
Lowes 1-1/2" PVC pipe - 10ft 1 $6.74  
Lowes 1" PVC - 10ft 2 $4.39  
Lowes 2" PVC - 10ft 3 $9.03  
McMaster 
Carr 
PVC Y Strainer 1 $196.16  
Cospheric Florescent Microbeads 1 $148.50  
Lowes 2" PVC Elbow 6 $1.04  
McMaster 
Carr 
2"-1" Reducing Tee 2 $2.41  
Lowes 2" PVC Coupling 1 $1.05  
McMaster 
Carr 
2" PVC Flange 2 $10.52  
McMaster 
Carr 
1" PVC Flange 2 $7.51  
Lowes 1" PVC Ball Valve 1 $5.55  
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Lowes 2" PVC Ball Valve 2 $14.85  
Lowes 2"-1-1/2" PVC Reducer 1 $1.34  
Lowes PVC Glue and Primer 1 $8.98  
Grainger 2" x 8 ft. Clear PVC Pipe 3 $128.70  
McMaster 
Carr 
Stainless Steel Dispensing Needle 1 $10.30  
McMaster 
Carr 
10 ft. Aluminum Tubing 1 $14.12  
McMaster 
Carr 
10 mL Plastic Syringe 1 $7.50  
Supply 
House 
Circulator Pump 1 $87.95  
McMaster 
Carr 
1" Flange Gasket 1 $1.44  
McMaster 
Carr 
2" Flange Gasket 1 $2.47  
Supply 
House 
1-1/2" GF 15/26 Iron Pump Flange Pair 1 $7.95  
Cospheric Tween Biocompatible Surfactants 1 $15.00  
McMaster 
Carr 
Adapter with Hex Body, 1-1/2 Socket Female x 
NPT Male 
2 $0.90  
McMaster 
Carr 
1" Flange Gasket 1 $1.44  
Lowes Caulk Gun 1 $2.88  
Lowes 5/8 x 3 in bolts 4 $1.13  
Lowes 5/8" hex nuts 4 $0.36  
Lowes Silicon Sealant 1 $6.18  
Lowes 2" PVC ball valve 1 $14.85  
Lowes 1-1/2" PVC ball valve 1 $11.44  
Lowes 3 Wire GFCI adapter 1 $12.97  
Lowes 10 ft 14 gauge wire 1 $13.98  
Lowes 3/8" x 3" bolt 1 $23.75  
Lowes 32 gallon trash can 1 $14.98  
Total  $                     1,124.07  
 
The original budget for piping was supposed to be limited to $500, but that was quickly 
surpassed. This is because the flow visualization that was desired by the customer was very 
expensive and they were willing to pay for it. The Y-strainer and the microbeads themselves 
account for 30% of the total budget and the clear PVC was much more expensive than regular 
PVC.  Without this, the budget would have been closer to the desired $500.  
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13.3. Instrumentation Budget 
Included in the instrumentation budget is everything that was used to collect data, including 
sensors and fittings to connect them to the pipes. The budget for instrumentation is shown in 
Table X.  
Table 6: Instrumentation Budget 
Supplier Description Quantity Price 
Dwyer Differential Pressure Transducer 2 $285.00  
Grainger 100 ohm RTD 1 $18.65  
Swagelok 1/4" NPT to Tube Connector 8 $7.55  
McMaster Carr 1/4" -3ft Seamless Steel Tubing 1 $18.79  
Automation 
Direct 
3 Wire Extension 1 $50.50  
Omega Pitot Tube Flow Sensor 1 $244.00  
McMaster Carr Yor-Lok Compression Fitting 2 $8.27  
Total $                     978.88 
The budget for instrumentation is about where it was expected to be, considering the cost of 
the pressure transducers.  
14. Marketing Plan 
Marketing of this pipe stand will be relatively easy, as it will be part of a fluids laboratory. If it 
does a good enough job of demonstrating fluids principles, professors will want to use it. 
However, it will need to have a good aesthetic appeal. Powder coating the frame and painting 
the pipes will make people want to use it more. LED lights were added to the prototype, to light 
up the clear section, to make the visualization look even better. This should be done on the 
final project as well.  
The pipe stand will be placed in front of a glass wall and will be the centerpiece of the entrance 
to the Endeavor Lab. A large piece of equipment will naturally attract people to use it, especially 
if it looks aesthetically pleasing. 
A marketing video was done by the team. It does a demonstration of the learning modules that 
can be done on the pipe stand. If this video is played outside the flow laboratory, it will likely 
attract more people to us it. Along with this, a poster demonstrating the design, construction, 
and all the key features of the pipe stand was made. Placing this poster in the hallway in front 
of the pipe stand will pique peoples interest in the pipe stand and get more use out of it.  
15. Commissioning Plan 
To make this pipe stand completely operational, the first step that needs to be done is take the 
support structure to the Endeavor Lab and bolt it in place. The structure is sturdy on its own but 
bolting it to the floor would make it much sturdier and safer to use.  
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Next, the manifold for the pipe stand needs to be manufactured. The design for this was 
outlined in Section 4.1. Once those are manufactured, they can be installed and attached to the 
existing piping that is in the lab.  
After this, the first learning modules that are going to be demonstrated need to be decided. 
Once this is done, the test sections should be put together and installed on the pipe stand. They 
should have flanges at the beginning and end of a 10’ section so they can be installed easily.  
Once the learning modules are set up, the LabVIEW interface for all of the modules that were 
not a part of the prototype should be set up and all of the instrumentation should be installed. 
Then power must be run to the instrumentation and testing of the pipe stand can begin.  
16. Recommendations and Future Work 
From the design and construction of the prototype, a lot was learned about fluid flow and how 
a laboratory demonstrating fluids should be. The key point that we learned is that mobility is a 
must. For the final pipe stand, if the pipes are not flanged at the ends and in the middle, it will 
be incredibly difficult to move the stand if ever required. When the prototype was built, it was 
basically two sections that came together in the middle with flanges, which we thought would 
be easy enough to handle. However, it was a huge pain to take apart and put together. If it 
would have been put together with unions just before the headers, then it would have come 
apart much easier. Breaking it into small parts will make it easier to handle and will prevent a 
lot of frustration. 
 Another recommendation for the Endeavor pipe stand is to find a way to seal off the injection 
port for the microbeads. During prototype testing, if the syringe was not hooked into the 
injection port, they system would depressurize and spray water all over the place. Leaving the 
syringe left the injection port in quite a precarious position and left it susceptible to being hit by 
something and bending the injection tubing. So, it is necessary to find a way to seal the 
injection port when the syringe is taken out, to prevent a slip hazard.  
For instrumentation, a higher accuracy pressure transducer may want to be purchased. The 
Dwyer 629-C, is decently accurate, but if the flow rate is low, the readings will be off. Also, the 
629-C had trouble zeroing. As discussed in Section 11.2, it would read 0.008 Volts, when it 
should be zero. This was close enough to zero for the purposes of the prototype but for the 
Endeavor Lab, something more accurate will certainly be desired. This offset could have been 
produced by noise in the system. If this is the case, then a 4-20 mA output transducer should be 
used instead of a voltage output. Milliamp output devices are less susceptible to noise and are 
generally more accurate. For this, the Setra Model 239 high accuracy differential pressure 
transducer is suggested. It can have a 4-20 mA output and has an accuracy of 0.073%. Setra 
pressure transducers are also supposed to come with a calibration certificate, meaning they are 
completely calibrated when they arrive and no extra should be done. The Dwyer instruments 
did not come with this guarantee.  
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It is also recommended that a proportional solenoid control valve be purchased. This will allow 
for more accurate control of flow than the simple ball valve that was attached to the prototype. 
It can also be controlled by LabVIEW. This would let the users specify what kind of flow rate 
they want to see, and the valve would open or close an amount accordingly.  
17. Cost Analysis and Maintenance Plan 
A detailed bill of materials for the prototype system can be found in section 13.2. Besides the 
initial cost support structure and piping, there isn’t much of an operating cost since the 
overhead tank is providing the flow. The only electrical energy that is required is the power of 
the pump that is pumping water into the overhead tank to make sure the water level stays at 
an adequate height, and power for all of the instrumentation. Another possible cost is the 
development of a new modular component for the system, which is the customer’s decision. 
A 5-year maintenance plan for the pipe stand is pretty simple and inexpensive. When dealing 
with water pipes, the most common maintenance issues that occur are leaks and corrosion. It is 
recommended that once every year, all of the pipes and connections be thoroughly inspected 
for possible leaks and corrosion occurring inside the pipes. This could be done by a fellow 
engineering professor of the university, or if necessary, a local plumber could be hired to 
inspect the pipes. 
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1. EES Code 





rho=density(Fluid$,T=T_avg, P=101.3 [kPa]) 



















2. Maintenance Manual 
 
2.1. Prototype Maintenance 
The prototype built was a mere temporary setup and requires little preventative 
maintenance.  Visual inspection of piping and leak checking is all that is required of the piping.  
The supports should be regularly checked for rusting and any unwanted corrosion.  The pump 





2.2. Final Design Maintenance 
The final design will be a permanent piece of equipment used within the CEAT Endeavor Lab, 
and as such, will require much more stringent preventative maintenance.  This section will 
outline all the required categories and what maintenance should be performed.  
2.2.1. Pump 
The full-scale system will utilize a much larger, Grundfos pump.  This pump will be used to refill 
from the sump pit into the 500-gallon head tank.  The particular model used is the Grundfos 
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Paco Series VL Line Centrifugal Pump. Assuming the pump is properly installed to 
manufacturer's specifications, the maintenance for the pump is as follows.  
 
2.2.2. Piping 
Every time the pipe stand is used, it should be inspected for leaks. If one is found, the 
maintenance personnel for the Endeavor Lab should be notified immediately to fix the leak. The 
solution for a leaking pipe will depend on where the leak occurs. If the leak is at a flange 
connection, fixing it can be as simple as tightening the bolts on the flange. If the leak occurs at a 
fitting interface, the solution depends on what kind of pipe it is. If it is steel or copper pipe, 
adding to the braze or weld will fix it. If it is PVC, then adding glue to the joint will seal it well.  
In the steel pipe sections, the pipes need to be checked for corrosion frequently. Once a year, 
the pipes should be taken off the stand and checked for corrosion. If the section of pipe is not 
currently being used in an experiment, it should be drained fully so that stagnant water does 
not stay in the pipe, which will cause corrosion quicker. 
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3. Laboratory Instructions 
This section will outline the instructions for setting up the pipe stand and using it to perform 
experiments.  
3.1. Transport 
To transport the system, first, be sure that the system is drained completely of water. Then, 
take the pipe sections apart at the flange connections. There should be flanges at the 
beginning, middle, and end of each section. These will come apart by loosening the bolts. Then, 
by loosening the hangers, the pipe sections should come off of the stand and will be ready for 
transport.  
To transport the support structure, the structure will break down into three pieces. To do this, 
unbolt the Unistrut at each ladder section and take the stand apart.  
3.2. Setup of System 
To setup the system at the Endeavor Lab, the support structure must be put into place first. The 
three pieces of the structure must be moved in individually and attached with Unistrut, to make 
it stable. Then the structure should be bolted to the ground to add more stability.  
Then the piping should be installed. The 10’ sections of pipe can be hung on the hangers that 
are attached to the Unistrut. The manifolds can be attached to the flanges of these pipe 
sections and clamps can be added to the support structure to support the manifolds. The 
manifolds can be connected to the existing piping in the Endeavor Lab.  
3.3. Use of Software 
The software that is used for this project is LabVIEW. To use the interface that was developed 
for the learning modules, first open the project. When it is open, click the run program button 
on the top. The software should start recording the temperature of the water that is in the 
system and the flow rate within the system. For the current revision of the software, there is 
one learning module that can be recorded with LabVIEW. To run this module, simple click the 
button that says, “Measure Orifice Plate”. Then, the pressure drop and flow rate for this 
learning module should be recorded in the following indicators. 
3.4. Shutdown of System 
To shut down the system, the valve allowing flow to the system should be turned off and the 
water should be drained to the sump. Then the piping can be taken apart at the flanges. The 
support structure can be taken apart the interfaces of the Unistrut and stand.  
 
